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FOREWORD 

This report entitled "Development of Response Models for the Earth Radiation Budget 

Experiment (ERBE) Sensorrr" consists of the following four parts. 

Part I, NASA CR-178292, is entitled "Dynamic Models and Computer Simulations 

for the ERBE Nonscanner, Scanner and Solar Monitor Sensors". 

This is Part 11, NASA CIR-178293, entitled "Analysis of the ERBE Integrating Sphere 

Ground Calibration". 

Part 111, NASA CR-178294, is entitled "ERBE Scanner Measurement Accuracy Anal- 

ysis Due to  Reduced Housekeeping Data". 

Part N, NASA CR-178295, is entitled "Preliminary Nonscanner Models and Count 

Conversion Algorithms". 
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Abstract 

A two-part study of the buckling and postbuckling behavior of laminated anisotropic 

plates with bending-extensional coupling is presented. The first part involves the develop- 

ment and application of a modificd Rayleigh-Ritz analysis technique. Modifications made 

to the classical technique can be grouped into three areas. First, known symmetries of 

anisotropic panels are exploited in the selection of approximation functions. Secondly, a 

reduced basis technique based on these same symmetries is applied in the linear range. 

Finally, geometric boundary conditions are enforced via an exterior penalty function ap- 

proach, rather than relying on choice of approximation functions to satisfy these boundary 

conditions. Numerical residts are presented for both the linear and nonlinear range, with 

additional studies made to determine the effect of variation in penalty parameter and 

number of basis vectors. 

In the secoQd portion of the study, six panels possessing anisotropy and bending- 

extensional coupling are tested and detailed comparisons are made between experiment 

and finite element results in order to gain insight into the postbuckling and failure char- 

acteristics of such panels. The panels are constructed using two different lamination se- 

quences, and panels with three different aspect ratios were constructed for each lamination 

sequence. 
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ABSTRACT 

An explicit solution of the spectral radiance leaving an arbitrary point on the wall 
of a spherical cavity with diffuse reflectivity is obtained. The solution is applicable to 
spheres with an arbitrary number of openings of any size and shape, an arbitrary number 
of light sources with possibly non-diffuse characteristics, a non-uniform sphere wall tem- 
perature distribution, non-uniform and non-diffuse sphere wall emissivity and non-uniform 
but diffuse sphere wall spectral reflectivity. A general measurement equation describing 
the output of a sensor with a given field of view, angular and spectral response measuring 
the sphere output is obtained. The results are applied to the Earth Radiation Budget 
Experiment (ERBE) integrating sphere. The sphere,wall radiance uniformity, loading ef- 
fects and non-uniform wall temperature effects are investigated. It is shown that using 
appropriate interpretation and processing, a high-accuracy shortwave calibration of the 
ERBE sensors can be achieved. 
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I. INTRODUCTION 

Due to their versatility, integrating spheres have found a large variety of uses ranging 

from the measurement of spectral reflectance to  more recent laser power measurement 

applications [l] - [ll]. In the Earth Radiation Budget Experiment (ERBE), the integrating 

sphere was used to provide a precision calibration source which resembles Earth radiation 

in spectral content and width of field-of-view for the seven Earth-viewing ERBE sensors 

[12] - [l?]. In this application, the integrating sphere is used to generate both shortwave 

and longwave radiation. Since both narrow field-of-view (scanner) and wide field-of-view 

(non-scanner) sensors were (calibrated using the ERBE integrating sphere, the spectral 

radiance leaving the sphere wall must be accurately known. 

The theory of integrating spheres has been reported in References [18] - (251. Most of 

these papers consider special cases. The most general result obtained is that for a sphere 

with diffuse reflectance, the reflected radiant incidence satisfies a Fredholm equation of 

the 2nd kind [MI, [19]. In [19], this integral equation is solved by applying the method of 

resolvents for geometries usually encountered in measuring sample reflectivities. To reduce 

the computational burden of the resolvent approach, [24], [25] use the net radiation method 

to  obtain the solution for similar cases. In [21] and [22], a sphere with a single spherical 

port of arbitrary size, uniform diffuse wall reflectance and absorptance is considered with 

surface properties independent of wavelength. The absorption and emission characteristics 

of such a sphere with uniform wall temperature are investigated in [21] for diffuse and non- 

diffuse source illumination. In [22], an analytical solution to the governing integral equation 

is obtained for the above sphere with non-uniform wall temperature distribution, but with 

diffuse source illumination through the spherical port. While a variety of individual cases 

have been solved, a general solution describing the spectral radiance at  an arbitrary point 



on the sphere wall for use in analyzing complex cases such as the ERBE integrating sphere 

is not available. 

In this paper, an explicit solution of the spectral radiance leaving an arbitrary point 

on the wall of an integrating sphere is obtained by solving a Fredholm equation of the 

2nd kind (describing the flux) analytically. The solution is applicable to spherical cavities 

with an arbitrary number of non-uniform light sources with non-diffuse directional char- 

acteristics, an arbitrary number of spherical ports of any size and shape, non-uniform but 

diffuse sphere wall spectra1 reflectivity, non-uniform and non-diffuse wall emissivity, and 

non-uniform sphere wall temperature distribution. The generality of the solution for the 

spectral radiance and the radiant incidence can be used to analyze the errors and uncer- 

tainties introduced by situations where the usual assumptions are only partially valid. 

A general measurement equation is obtained to describe and analyze the output of a 

sensor with a given spectral and angular response. The sensor is assumed to be placed at 

one of the exit ports, and may have a point-spread function corresponding to a narrow or 

wide field-of-view sensor. A number of special cases are considered to see the effects of a 

small detector surface, diffuse emissivity and piece-wise constant sphere surface properties 

on the measurement equation and the sphere output. 

In Section 111, the general expression for the spectral radiance and the measurement 

equation are applied to the ERBE integrating sphere. The uniformity of the sphere wall 

radiation when viewed by a narrow field-of-view scanner, the loading effects or increased 

sphere output due to the presence of the measuring sensor and other unexpected behavior 

is analyzed. Finally, an approach for calibrating the sphere photo-diodes to provide an 

accurate calibration source for the ERBE Shortwave sensors is presented. 
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II. THEORETICAL CONSIDERATIONS 

Explicit Solution of the Spectral Radiance. 

Consider a sphere, shown in Figure 1, whose inner surface is illuminated by an arbi- 

trary light source with spectral radiance LaOx(O, 4; $, x )  leaving the surface at the point 

(6,+) in the direction ($,x). In general, the source radiance can be distributed over the 

sphere surface or simply be a point source, and may be non-diffuse. The sphere surface 

may have any number of openings or ports. 

To understand the significance of the usual assumptions made, such as uniform source 

illumination, uniform sphere wall temperature, uniform diffuse emissivity, etc., we will 

first attempt to obtain a solution with the least number of assumptions, and then consider 

individual situations as special cases of the more general solution. This approach allows 

the analysis of situations where the assumptions are only partially valid, using sensitivity 

analysis. 

Thus, let T(6,4) be the temperature at the point ( 0 , & ) , ~ ~ ( 0 , 4 ; $ , ~ ; 2 ' )  the direc- 

tional spectral emissivity at  the point (e, 4) and temperature T , p i  (e, +; $i ,  x i ;  $r, Xr) the 

directional spectral reflectivity at the point (6,4) for radiation arriving from the direction 

($ i ,  x i )  and reflected in the direction (+r, Xr).  Let Lix(B,& 3, x )  represent the spectral 

radiance incident at the point (e, +) from the direction ($, x), and L,A(B, 4; $, x )  the spec- 

tral radiance leaving the point (6 ,  +) in the direction (+, x) .  Finally, if radiation leaves the 

point (e, 4) in the direction (9, x), the point and direction of incidence will be denoted by 

(S', 9') and ($', x' ) ,  respectively. 

In this notation, the general radiative equations can be expressed as 
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where LI0x(8,q5;tjl,x) is the spectral radiance of a source, leaving the point (O,t#) in the 

direction (+, x ) ,  and no denotes a hemisphere. For simplicity, let T' = T(V,  #'), and 

Combining (1) and (2) results in the integral equation 

h ( O , $ ; $ , x )  = L o A ( e W ; $ ' , x t )  + ~~(~',~';$',x';T')LB(X,T') 
+ // ~ i x  (el,d'; $i* xi)Pi  (81, 4'; +i, xi; $1, x')dn($i, xi) (5) 

no 

I 

I 

The integral equation ( 5 )  represents the most general case for an arbitrary cavity. In 

the following, we will obtain a solution to ( 5 )  for a spherica1 cavity, assuming that the 

surface spectral reflectivity is diffuse, but not necessarily uniform; i.e., 

~ 

where PA(@, 4) is the spectral reflectivity at the point (e, 4). 

4 
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Then a general solution to (5) becomes possible for the case of a sphere. In this case, 

the reflected spectral radiance can be expressed as 

Q, 

where Ex(8,d) is the spectral radiant incidence at the point (e ,+) .  Substituting (8) into 

(5) 9 

Now recall that for a spherical surface 

(11) 
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A. 

A. 

Let E 8 ~ ( 0 , 4 )  denote the radiant incidence at (8,4) produced by the light sources 

directly; Le., without considering any reflections; then, 

Similarly, let Ee~(8,~) denote the radiant incidence at the point (t9,4) due to emitted 

energy before reflections are considered; then, 

n0 

= 1 4R2 // (e', 4'; $1, X I ,  T ' ) L ~  (A, T')dA(e/ ,  41) (14) 
A. 

Both of the terms E,A(8,t$) and E,A(8,4) are known when the location and directional 

&aracteristics of the light sources, the emissivity and temperature distribution are known. 

The integral equation (12) can now be expressed as 

EA(e,4) = E8A(e,4) + E,A(e,+) 

+ -2- 47rR2 // Px(e1,4')Ex(8',4')dA(e',4') 4 (15) 
A. 

Note that the integration in (15) is done over the total spherical surface A,, so that 

the last term in (15) is independent of the spatial variables (e,4). It follows that the 

spectral radiant incidence has the form 

6 



where CA may vary with wavelength, but is spatially uniform, 

A. 

To obtain Cx, it suffices to substitute (16) into (15), and solve for CA. 

A. 

The expression in (20) is the general solution of the spectral radiant incidence for 

a spherical cavity with diffuse reflectivity, where the effects of the source radiance and 

emitted energy are shown explicitly. Similarly, the spectral radiance leaving any point 

(e, 4) in an arbitrary direction (+, x )  can be obtained by substituting (8) and (20) into (1) 
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The general solution for the spherical cavity with diffuse reflectivity is thus given by 

(19) - (21), (13) and (14). It should be noted that the solution shows the effects of multiple 

sources with non-diffuse characteristics, diffuse but non-uniform spectral reflectivity, non- 

uniform wall temperatures, and non-uniform and non-diffuse spectral emissivity. 

The ability to account for multiple non-diffuse sources provides a tool to  analyze 

the, sometimes non-negligible, effects of "loading" (radiation reflected and emitted) by 

the instrument measuring the flux or radiance at the exit port, or analyze the effects of 

stray radiation entering the sphere through the exit port(s). The loading effects observed 

in the calibration of the Earth Radiation Budget Experiment (ERBE) instruments will 

be analyzed in the following sections. Non-uniform reflectivity and emissivity allows the 

analysis of multiple ports of any size and of material properties of surfaces such as filters, 

diffuser plates, samples, etc. Non-uniform temperature distribution allows the analysis 

of port surfaces such as filters or diffuser plates which may be at substantially different 

temperatures than the wall temperature, particularly when the instrument at the exit port 

measures some emitted energy. 

It is of interest to  note that, for the relatively general case considered in (2O), the 

incident flux on the sphere varies only according to the source irradiation E,~(d, t$)  and 

the non-diffuse emission E,A(d, 4). Thus, for a spherical exit port which is not irradiated 

by the source, and diffusely emitting surface, the flux at every point of the exit port will 

be constant, despite the possible variations of the spectral reflectivity and emissivity on 

the sphere wall and other ports, and non-uniformities in the wall and port temperatures. 

Furthermore, the percentage variation is likely to be small when the average sphere reflec- 

tivity is close to unity, while the emissivity at the corresponding wavelength is small. Also 

note that, for the diffuse emission case, the spectral radiance leaving points which do not 

contain a light source is diffuse, but its magnitude varies over the sphere surface. Due to 

the variation in magnitude, the radiance incident on the exit port will not have a diffuse 

character except for special cases. 
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It should be noted that the cases of a single port of arbitrary size with uniform 

rcflcctivity and emissivity considered in [21], 1221, as well as other previous results, can 

be easily obtained from the general solution as special cases. Also note that the emitted 

energy, Ecx(B,4), can be considered to be another source of radiation in E,A(B,+), as 

evidenced by (20) and (21). 

It is sometimes of interest to obtain the flux at the exit port or at other points on the 

sphere, This can be easily achieved using the spectral radiant incidence expression in (20). 

When the spectral reflectivity, px(0,  +), is independent of wavelength, the emissivity and 

reflectivity are uniform and diffuse on the sphere wall, A,, and the exit ports have zero 

reflectivity and emissivity, the radiant incidence simplifies to the well-known expression 

WI, (221 

pW = J J ~ . ( e , c ) d ~ ( e , d )  , i =  pw- A8 , A , = 4 z R 2  , (24) 
A, 

A" 

where p, and e, are the sphere wall reflectance and emittance, respectively, and P, is the 

source power irradiating the sphere wall. Note that the input source is arbitrary, and need 

not be diffuse or uniform, while multiple ports may be present. If the incoming source is 

diffuse, (23) further simplifies to [22] 
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A, 

where P is the total source power entering the sphere. 

It is important to note that in the most common case where the spectral reflectivity, 

p ~ ( 8 , 4 ) ,  depends on wavelength in a non-trivial manner, (23) and (25) are not valid, and 

the more general form given in (22) must be used. In this case, the input source and 

emitted radiation spectra are modified by the spectral reflectivity characteristics of the 

sphere wall; so that the spectrum of the radiation changes with every reflection from the 

sphere wall. Thus, the irradiance leaving the sphere may, in some cases, have a significantly 

different spectrum than the incoming radiation. 

Whereas the irradiance at  the exit port can be obtained using the appropriate ex- 

pression, the measurement obtained from a sensor placed at the exit port can be different 

than this irradiance. This is largely due to the fact that most sensors have a field-of-view 

somewhat smaller than a hemisphere, with less than perfect angular response and spectral 

characteristics. These effects can be analyzed using the analtyical solution of the spectral 

radiance given by (21) for radiation leaving an arbitrary point in an arbitrary direction. 

The General Measurement Equation. 

Consider a sensor measuring the radiation incident on its detector surface. Let 

TdX($ ' ,x ' )  be the spectral and angular response of the sensor, and LdX(z,y;$' ,x')  the 

spectral radiance incident at  the point (s,y) from the direction (+ ' ,X I ) .  Then the sensor 

output can be expressed in the form: 

where n(z, y) corresponds to the solid angle at the point (2, y) which "sees" the integrating 

sphere'surface, and n represents the sensor noise and errors in accounting for radiation 

10 



from outside the field of view of interest. Since Ldx(z, y; $', x') is the spectral radiance 

leaving the sphere from (8,4) along ($,x) and arrives at  the point (z ,y)  on the detector, 

cos x cos x' 
-dA,(8, 4)dA(z, y)dA + n 

r2 

where A,(z ,  y) is the footprint or the surface on the sphere that "sees" the point (z ,y) ,  r 

is the distance between (z, y) and (e, d), and Lox(B, 4; $, x )  is given by (21). 

In the following, assume that the light sources do not directly irradiate the detector 

surface Ad, which, is the usual configuration; Le., L , . A ( ~ , ~ ; $ , X )  = 0, when (0,4) is in 

A, (2, y). Further assume that the detector's spectral and angular responses are indepen- 

dent of each other; i.e., 

Small Detector Surface. 

If the area of the detector is small enough that cx(6,4;$,x;T)  is almost constant 

while (9 ,~)  scans the detector surface, then the measurement equation simplifies to 

A d  

where I(z, y; e,+) is unity when (z, y) and (0,4) can see each other, and vanishes otherwise. 

Note that the point spread function S(e,4)  vanishes for points (t9,d) that do not see any 

part of the detector surface ($, x )  is taken to be the direction from (e, 4) to the center of 

the detector surface, 



~ 

Diffuse Emittance. 

Several simplifications can be made in the general solution when the spectral direc- 

tional emissivity is diffuse, i.e., 

By observation of (14) 

Irrespective of the size of the ports and non-uniform temperature distribution, EeA(B, 4) 
is constant at any point on the sphere. The spectral irradiance in (20) simplifies to 

Similarly, 

The measurement in (28) simplifies to 

A. 

irrespective of the detector size. 
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Piece-wise Constant Surface Properties. 

In most applications of the integrating sphere, the sphere surface consists of the sphere 

wall and a number of ports such as the sample, standard, entrance or exit ports. Over 

each port (sometimes portions of a port) and the wall surface, the spectral reflectivity and 

emissivity, and temperature are assumed to be constant. The effects of small variations 

due to non-perfect surface properties can be analyzed using the more general case given 

in (34) - (36). 

Thus, suppose that the sphere is divided into N areas { A k ,  k = 1,2, ...,PI) of arbitrary 

size and shape over which 

Note that the temperature can vary from on subsurface to another, and the source irradi- 

ation remains arbitrary. Then 

N 

k = l  
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111. ANALYSIS OF THE ERBE INTEGRATING SPHERE 

The Earth Radiation Budget Experiment (ERBE) integrating sphere was designed for 

use in the ground calibration of the ERBE instruments consisting of four non-scanners, 

three scanners and a solar monitor. The primary calibration source for the Earth-viewing 

instruments is the Master Reference Black Body (MRBB). The ERBE integrating sphere 

provides a calibration source which more closely approximates the Earth’s spectral mix 

of short and longwave radiation by providing emitted radiation from the sphere wall and 

shortwave reflected radiation originating from four Tungsten lamps. 

The ERBE integrating surface can be divided into five surfaces 

A1 - the sphere wall 

A2 - four entrance ports 

As - two Silicon Photo-diode (SiPd) ports 

A4 - exit port edge 

A5 - exit port 

The entrance ports are covered by flashed opal glass held in place by an insulator to 

provide a diffuse source radiation for uniformity. The sphere wall uses KodukBaSO4 paint 

for reflectance properties. The exit port is used to view the inner surface of the sphere with 

each of the seven Earth-viewing ERBE instruments. The instrument’s detecting surfaces 

do not directly view the Tungsten lamp sources. Similarly, the photo-diode field-of-view 

does not include the entrance port. 

During the ground calibration the integrating sphere data showed the following char- 

acteristics: 

1) The Narrow field-of-view scanning sensors measure non-uniformities (8 %) on the 

sphere wall after known sources of error are taken into account to the extent possible. 

15 



2) The Medium Fieldsf-View (MFOV) non-scanner consistently measures a higher 

irradiance than the Wide Field-of-View (WFOV) non-scanner sensor for both longwave 

and shortwave radiation. 

3) The integrating sphere photo-diode response shows nonlinear characteristics relative 

to the non-scanner measurements. 

4) With the lamps off, the non-scanner sensors measure a higher (longwave) irradiance 

than expected by about 10 - 20 W/rnZ. 

The following analysis of the ERBE integrating sphere ground calibration attempts to 

determine possible causes of the unexpected characteristics mentioned above. Assuming 

the physical causes considered here are mainly responsible for these characteristics results 

in a linear response for the photo-diode, and a shortwave calibration of high accuracy for 

the WFOV and MFOV Total Waveband channels using the integrating sphere. The error 

standard deviation thus obtained is .73W/rn2 for the WFOV instrument, and 1.52W/rn2 

for MFOV instrument. It is interesting to note that since the shortwave measurements 

are obtained by the difference of two measurements, the errors corresponding to a single 

measurement are .51W/rn2 for the WFOV, and 1.07W/mZ for the MFOV instruments. 

From (35)’ a measurement made by the ERBE instruments or the SiPd’s can be 

expressed as: 



Wall Uniformity. 

For purposes of calibration of the ERBE instruments, it is desirable to have the portion 

of the integrating sphere wall viewed by any of the sensors to be uniform. Then each sensor 

would view the same radiance irrespective of its field of view. F'rom (46) or (43), uniformity 

requires that the total direct source irradiation on the sphere wall, including any loading 

effects, be constant, assuming that the reflectivity, emissivity and temperature are uniform. 

Thus, it is necessary for the light sources to be diffuse. The opal diffuser plates serve this 

purpose. 

Consider the non-uniformity effects that may be produced by a non-diffuse light 

source. This case would represent an opal glass diffuser which is not perfectly uniform in all 

directions. Let the source spectral radiance at one of the entrance ports be l /n  E,,xf(x). 

Then from (13): 

A 

where A is the surface of one entrance port. Since x' is nearly constant over A, 

where ri(8,4) is the distance between the point (e,$) and the location of the ith entrance 

port. The total irradiation from the four Tungsten lamps is 

From (43), it is seen that the variation in the wall spectral radiance will be due to 

the term containing E,x(8,4), as the other terms remain constant. Figure 2(a) shows the 

normalized shortwave wall radiance resulting from four lamps of equal power, when 82 % 
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of 

in 

the lamp power is distributed in a perfectly diffuse manner, while 18 % is concentrated 

the range 0 5 x 5 xc  , ( x c  = 9') according to 

On the other hand, if a narrow field-of-view (NFOV) shortwave sensor scans the wall 

surface from 5 inches outside the sphere exit port, then its measurement will be 

After substitution of (31) into (52), and some manipulation with small angle approx- 

imations, (52) can be approximated by 

R (54) 

where p is the scan angle, (B,4p)  the elevation and azimuth angles of the corresponding 

scan point, WFOV the field-of-view of the scanner, c i P , ~  the spectral power of the it" 

Tungsten source, and np the error in the corresponding measurement. Figure 2(b) shows 

plots of m normalized, while Figure 2(c) shows the actual measurements of the Shortwave 

ERBE Scanner instrument after corrections for electronic interference have been made. 

Note that both the shape (double hump) and the location of the peaks and valley on the 

sphere wall agree with the measured data. 

From (35), it can be seen that another possible cause could be variations in p ~ ( 8 , 4 ) .  

However, this would necessitate that px(8 ,b )  vary in a double hump manner, with its 

peaks occurring exactly at points opposite the light sources. This would be a rather 

unlikely coincidence, unless high levels of radiation have degraded the surface reflectivity 

18 



over a period of time. However, if the source is indeed diffuse, all portions of the sphere 

should degrade equally. 

Temperature variations are an unlikely cause since the wall temperature is controlled, 

but particularly because the longwave scanner measurements show almost no variations. 

The case of non-diffuse wa.11 reflectance is the most difficult one to evaluate, as the 

expression for the radiance developed earlier (35) does not include this case. However, 

from qualitative considerations, it would appear that the peaks for this case would appear 

about halfway between the nadir point and the points opposite the light sources, if the 

sources are diffuse. 

Loading Effects. 

The geometry for ERBE non-scanning active cavity radiometers (ACR) when viewing 

the integrating sphere is shown in Figure 3. As opposed to the scanner geometry, the non- 

scanners are normally placed very close to the exit port to provide them with a wide field-of- 

view scene similar to that of Earth. This proximity, however, produces the loading effects 

discussed here. Since the surfaces of the non-scanners both emit and reflect radiation, 

the non-scanner acts as a source of radiation placed at the exit port. As this radiation 

would, in the no-load case, be lost through the exit port, the proximity of the non-scanner 

increases the amount of energy remaining in the sphere, and thus the irradiance measured 

by the instrument itself, and by the photo-diodes in the integrating sphere. 

The main ACR surfaces seen by the integrating sphere are the active cavity, the base 

plate and the outer wall of the field-of-view limiter (FOVL). The active cavity effective 

area is small, and has practically no reflectance due to its surface properties and design 

geometry. The base plate is diffuse black, and reflects little energy. The FOVL outer wall 

has an aluminized mylar surface which is highly specular, so designed to minimize FOVL 

temperature variations due to outside sources when viewing the Earth. However, in the 

integrating sphere calibration, this surface can have considerable loading effects due to its 

high reflectivity. 
19 



Consider Figure 4 showing the exit port and the specular FOVL outer wall. Geomet- 

rical considerations show that of the radiation passing through the point (2, y), only those 

rays that are reflected from the crescent shown will reenter the sphere through the exit 

port. The crecent is obtained by excluding the rays that fall on the base plate from the 

circular area on the FOVL outer wall, with center at (2/2,y/2). Thus, for a given point 

(z,y) on the exit port, the crescent surface is 

It is interesting to note that this reflecting crescent, A'(z, y), is independent of the distance, 

h, between the instrument and the exit port. The dependence on this distance, hence the 

variation in loading, is due to  the fact that, as h grows, the amount of radiation falling on 

the crescent (hence the reflected power) decreases. Thus, the loading effects are reduced 

as the distance of the instrument from the exit port increases, which is the expected trend. 

It is important to note that another effect of loading by the ERBE non-scanners is the 

introduction of further non-uniformity of the wall surface. Even if the flashed opal glass 

produces perfectly diffuse radiation, the specular and highly reflecting FOVL outer wall will 

produce a brighter ring surrounding a less bright, roughly circular surface corresponding 

to the non-reflecting base plate, in the short wavelengths. Both the amount and the 

distribution of the bright areas will vary as the distance, h, varies. Such non-uniformities 

can produce differing measurement values for instruments with somewhat differing fields- 

of-view, such as the photo-diode and the ACR instrument itself. 

In order to explain the behavior of some of the data obtained in the ERBE calibration 

chamber, it is of interest to estimate the magnitude of the loading effects. To this end, 

let L~(z ' ,y ' ;z ,y)  be the spectral radiance from the point (z,y) on the exit port to the 

point (z',y') on the FOVL outer wall. Then the spectral power Ptx reflected back into the 

sphere from the FOVL outer wall is 
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dA'dA , (56) 
cos x cos x' 

r2 
PtA = PtA // // LA(Z', I/'; 2, Y) 

A. A ' ( ~ , v )  

where P(A is the spectral reflectivity of the FOVL outer wall, and A, is the exit port 

surface. 

Note that the loading effects can be considered a source entering through the exit 

port, in addition to the radiation entering through the entrance ports. The general solution 

obtained in the previous sections is valid for source radiation entering at any point, and 

with non-diffuse characteristics. Let Etx (e, 4) be the irradiance at (e, 4) due to radiation 

reflected from the instrument at the exit port. EtA(8,4) will be zero outside the area At 

on the sphere, and, due to  the geometry, At will be a subset of the sphere wall, AI. From 

(34), the spectral power, PAS,  leaving through the exit port A5 is 

A. 

Define GA as the ratio 

Substituting (58) and (59) into (57) and solving for PAS, 



Including emitted loading effects as an additional source of radiation 

where Et.A(B,+) is the irradiance due to emitted energy from the load or measuring in- 

strument. 

Thus, the spectral power, PAS, leaving through the exit port As including non-uniform 

loading effects from reflection and emission is given by (62). It is interesting to  note that 

while the emission from the load introduces an additive term (Le., the last term in (62)), 

the reflection from the load, as might be expected, modifies the average sphere spectral 

reflectivity P A .  

4 

P^A = P A  + fSGAPfAPA1 = f k P A k  + fSGAPfAPA1 9 (63) 
k = l  

where GA varies with the distance, h, between the load and the sphere. Also note that 

the presence of pxl  in the last term of (63) is due to the non-uniformity of the specular 

reflections ( A t  C A I ) ,  and the fact that the FOVL outer wall ie flat rather than spherical; 

i.e., Etx(0,4) = 0, (0,4)cAs. From (34), after some manipulation we have 

. 

A. 
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To obtain an approximate value for GA, suppose that 

the sphere wall surface At .  Then after some manipulation, 

is equally distributed over 

H 
w -  

H 
~ I A ~ I  

Due to the geometry of .A'(z,y), the exact value of H is difficult to obtain; however, 

after considerable manipulation, an approximate value can be shown to be 

r2  - R: 
h2 

U =  9 

where R is the radius of the exit port and R1 is the radius of the FOV opening. 

To see the magnitude of the loading effect, consider a shortwave measurement of the 

irradiance of the form 

Figure 5(a) shows a plot of the normalized measurement rn(h)/rn(h,) as a function of 

the distance, h, of the ACR from the sphere for the ERBE Wide-Field-Of-View (WFOV) 

Total channel, using XI = .6pm,Xz = .9prn, and estimates of the spectral reflectance, 

source spectral power and geometry for the ERBE integrating sphere. As can be seen 

from this plot, the magnitude of the load-ing effects in the shortwave band can 'be as much 
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as 13 $4 of the no-load condition at the closest point h,. The effect tends to diminish in 

roughly an exponential decay shape. It is important to note that the magnitude of the 

I loading effects is extremely dependent on the wall spectral reflectivity when it is close to 
I 

unity. 

Figure 5(b) shows a plot of the sphere loading effects when the ERBE Medium-Field- 

Of-View (MFOV) Total channel is placed at the exit port. As can be seen from the plot, the 

MFOV loading can be as much as 16.9 % of the no-load condition for shortwave radiation. 

The higher loading is caused by the fact that MFOV channel haa a larger area FOVL outer 

wall, which reduces the sensor's FOV. Thus, for shortwave measurements, a difference of 

about 4 % may be expected between WFOV and MFOV loading. 

The loading effects for emitted longwave radiation can also be computed using 

roo 1 

The loading effect for emitted radiation can be considerably lower than for shortwave 

radiation, due to the fact that the spectral reflectance is considerably lower at these wave- 

lengths. Also note the presence of an extra term for emission from the ACR, in (70). 

Neglecting the effect of the active cavity due to its small area, (70) can be rewritten as 

I 

I 

where F(h) is the configuration factor from the FOV aperture to the exit port. 

Reliable spectral reflectance and emittance data in the longwave band being currently 

unavailable, reliable prediction op this loading effect is not possible. However, the longwave 

loading effects Me one or more orders of magnitude lower than the shortwave loading effects. 
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Calibration of Photo-Diodes. 

Since the ERBE ACR's are meticulously calibrated using the MRBB, it is possible to 

calibrate the integrating sphere photdiodes using the total wavelength ACR channels. 

The basic procedure used for this purpose was to measure the sphere output with the 

lamps on, then with the lamps off, using the total ACR channels and a photo-diode. The 

difference between the lamps on versus lamps off measurements for each sensor were taken 

as measurements of the shortwave sphere output. This procedure resulted in a nonlinear 

(quadratic) relationship between the photo-diode and ACR readings. Another finding 

was that the relationship of the photo-diode to the MFOV output was different than the 

relationship to the WFOV output. 

The "apparent" non-linearity of the photo-diode may be, at least partially, explained 

by the following observation. Assuming a uniform wall radiance, the non-scanner me* 

surement can be approximated by 

where the second term must use longwave values for Bxw, p x w  1. The difference between the 

lamp8 on and off measurements is 

where T~o,T20,T~o denote the temperatures when the lamps are off. From (73), it is dear 

that some emitted radiation may be present in AE. Whereas the wall temperature Tl is 

controlled and measured, the temperature of the flr-shed opal diffuser glass, T2, is neither 
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controlled nor measured. Due to  some absorption, T2 can be considerably higher with the 

lamps on than off. 

To see if this term is negligible or not, suppose that initially, the opal glass is at the 

sphere wall temperature of -13OC, and that it heats up to a temperature of 6OoC when 

the lamp has been on for a period of time. For perfect emission, the magnitude of this 

term is 3W/rn2 for $A. = .l, and 4.3W/rn2 for = .4. Thus, if the opal glass temper- 

ature reaches such temperatures or higher ones, the effect of the term f2c20(T; - T&)/1 - 
$A. cannot be neglected. 

Thus, if the photo-diode measurement is directly proportional to the shortwave source 

output represented by the first term in (73), 

A E  = g AV -+ AEl -I- n (74) 

where AEe is the emitted energy with the lamps on which was not present with the lamps 

off, AV is the photo-diode reading and n is the combined error in the instrument readings. 

Clearly, if the longwave term is not taken into account, the relationship between A E  and 

AV would appear to be nonlinear. 

It should be noted that AEt is dependent on the sphere wall temperature, Tz, since 

the heat being conducted from the opal glass to the sphere wall (through the insulator) 

depends on the wall temperature. 

Table 1 shows ground calibration data obtained by placing the ERBE WFOV Total 

Waveband instrument at the integrating sphere exit port, when the sphere wall tempera- 

ture varied between -10.08°C and -13.1SOC. The data was obtained using the various (3) 

levels of reference cavity heating (calibration heater voltage). A linear fit to the data of 

the type shown in (74) is also shown in Table 1. As can be seen, the linear curve fits 

the data very closely*, well within the accuracy of the instrument, indicating the validity 

of the theoretical predictkns. These results point to a more satisfactory explanation of 

*Note that two points of apparently inconsistent data (e.g., higher SiPd reading corre- 
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the calibration data by producing a linear photo-diode response to shortwave radiation, 

coupled with some undesired longwave radiation due to the heating of the opal glasa dif- 

fuser when the lamps are turned on. The amount of extra emitted radiation is also within 

expectation. 

From the ground calibration data shown using the ERBE integrating sphere, the accu- 

racy of the ERBE WFOV Total Waveband instrument to a wide field- of-view shortwave 

scene similar to what might be encountered in looking at the Earth corresponds to an error 

with a standard deviation of .T3 W/rn2, which indicates an extremely accurate instrument 

from this initial analysis. 

Long-Wave Outpu t  of the Integrating Sphere. 

Another unexpected effect observed in the calibration data is that ERBE Non-scanner 

instruments measure a larger long-wave irradiance output from the sphere than the mea- 

sured sphere wall temperature can provide with lamps off. For the WFOV case, the wall 

temperature would have to be 2.45OC higher than that measured to account for this differ- 

ence of about 10 W/rn2. This temperature difference is too large to be explained by errors 

in the measured wall temperature. Furthermore, due to the high accuracy of the WFOV 

instrument as evidenced by its MRBB calibration results, it is reasonable to expect that 

the sphere long-wave output is in fact larger than originally expected. 

As discussed earlier, while loading effects tend to increase the sphere output, the 

magnitude of the longwave loading is too small to explain the observed difference. How- 

ever, loading does produce a small effect in the right direction, and may partially explain 

differences between instruments. 

As observed earlier, it is reasonable to expect that the opal glass diffuser temperature 

at the entrance port increases when the lamps are on. On the other hand, the measurements 

considered are taken with the lamps off. However, observation of the time log shows that 

sponding to lower irradiance). probably due to transients and noise, account for most of 

the error. 
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the lamps-off readings are generally taken a few minutes after the lamps-on readings. 

As the opal glass is surrounded by the insulator (see Fig. 6) which contacts the sphere 

wall, this may not be sufficient time to cool the opal glass and insulator by radiation nor 

conduction. So that, when the lamps-off readings are taken, the temperature of the diffuser 

assembly may still be quite high. An approximate estimate of the diffuser time constant 

is about 400 seconds; i.e., after 400 seconds, the diffuser temperature is down by only 36 

%. A conservative estimate of the lamps-on steady-state diffuser temperature is about 

2OOOC. At this temperature, the diffuser assembly would contribute about 12W/rn2 to 

the sphere output. Whether or not the extra 10W/rn2 is caused by the high temperature 

of the diffuser assembly, the effect is not negligible, and should be incorporated in any 

calculations of the emitted sphere output. Furthermore, if the opal glass and insulator 

reach temperatures approaching 2OO0C, the portions of the sphere wall near them are 

likely to be at  higher temperatures than the measured wall temperature due to radiative 

and conductive effects. These portions of the wall would then also emit at higher than 

expected levels. 

MFOV Shortwave Calibration. 

The shortwave calibration of the ERBE MFOV Total Waveband channel can be 

achieved with the same procedure used in the shortwave calibration of the WFOV channel. 

As with the WFOV calibration, the relationship between the MFOV and photediode read- 

ing is of the form of (74). Bowever, the ground calibration data show8 that for the same 

photo-diode reading, the MFOV channel measures a higher irradiance than the WFOV 

channel. This implies that the photo-diode reading cannot be used independently of the 

instrument at  the exit port. The main reason for this behavior is the non-uniformity of the 

sphere wall, aggravated by non-uniform loading, coupled with the different fields-of-view 

of the MFQV, WFOV and photo-diodes. 

The exact manner in which th2 wall non-uniformity can cause this behavior can be 

seen by combining (64), (36) and (9) to obtain the MFOV measurement including a non- 



uniform wall. 

A. 

where the superscript M denotes the MFOV instrument; note that the same expression 

is applicable to the WFOV instrument when the corresponding response is used. On the 

other hand, the photo-diode reading can be expressed by 

where the loading related terms p^x and 

exit port when the photo-diode reading is taken. 

depend on the particular instrument at  the 

First note that, if the source irradiance and wall reflectivity are uniform, then 

even though non-uniform loading effects will still be present. However, due to the known 

non-uniformities on the wall (80) does not hold. If the source's spectral and directional 

characteristics remain constant while its intensity varies, then 

29 



m'=gMmPIM+Ef+nl , 

< 

mw = gw mplw + E r  + n1 9 (82) 

Since 35 + &'f > + BE due to the non-uniformities, it may be expected that 

g M  > g w .  

As the longwave loading effects are relatively small, AEf rn A E r .  

Table 2 shows ground calibration data with the ERBE MFOV Total Waveband in- 

strument at the exit port with the wall temperature varying from -10.5OC to  -13OC . The 

linear fit 

AmM = 34.42 AmPIM + 2.3 + An1 , (84) 

results in an uncertainty or error with standard deviation 1.5 W/m2. This uncertainty is 

less than the uncertainty in the MFOV instrument noise. Thus, the integrating sphere 

shortwave Calibration of the MFOV instrument is consistent with its longwave MRBB 

calibration. 
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W .  CONCLUSIONS 

In this paper, the general solution of the spectral radiance and the spectral radiant 

incidence for a spherical cavity with diffuse reflectivity are obtained analytically by solving 

a Fredholm equation of the 2nd kind. Some previous results are easily obtained from these 

expressions as special cases. The solution is applicable to spheres with non-uniform and 

non-diffuse input source radiation, containing an arbitrary number of openings or ports of 

any size and shape, with non-uniform spectral reflectivity, directional spectral emissivity 

and temperature distribution on the sphere wall. 

A general measurement equation is obtained to describe the output of a sensor measur- 

ing the output of the spheres at the exit port. The measurement equation accommodates 

an arbitrary sensor field-of-view determined by the sensor’s point spread function and 

spectral response. 

The results obtained are applied to the Earth Radiation Budget Experiment (ERBE) 

integrating sphere. The sphere wall uniformity, the loading effects due to  the presence 

of the measuring sensor, and non-uniform wall temperature effects are investigated. It is 

shown that using an appropriate interpretation and processing of the data, a high-accuracy 

shortwave calibration of the ERBE sensors can be achieved. 
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